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Introduction 16
The establishment and maintenance of rhythmic cardiac contractions require tightly regulated Ca 2+ 17 signaling and intact contractile machinery. In the heart, a small amount of Ca 2+ enters cardiomyocytes 18 upon stimulation by an action potential. This Ca 2+ influx induces the release of a larger amount of Ca 2+ 19 from the sarcoplasmic reticulum (SR) resulting in an abrupt increase in cytosolic Ca 2+ levels and muscle 20 contraction. The re-sequestering of Ca 2+ to the SR by SERCA2 and extrusion of Ca 2+ from the cell by 21 NCX1 allows the muscle to relax (Bers, 2002) . Abnormal Ca 2+ handling has been associated with cardiac 22 diseases including heart failure and arrhythmia in humans and animal models (Luo and Anderson, 2013) 23 and defective myofibril structures are also often observed in diseased hearts (Lopes and Elliott, 2014) . 24
However, whether or not there is a causal relationship between abnormal Ca 2+ handling and myofibril 25 disarray in diseased myocytes has not yet been established. 26
27
The RING finger protein MuRF1 (also known as TRIM63) is a muscle-specific E3 ubiquitin 28 protein ligase involved in the regulation of muscle turnover in normal physiology and under pathological 29 conditions. MuRF1 acts on several sarcomeric target proteins, tagging them with polyubiquitin chains for 30 proteasome-dependent degradation (Kedar et Akt pathway is suppressed and hypophosphorylated FoxO translocates into the nucleus causing MuRF1 46 induction and muscle atrophy (Lecker et al., 2004; Waddell et al., 2008) . Conversely, upon IGF 47 stimulation, AKT is activated to phosphorylate and sequester FoxO in the cytoplasm, resulting in the 48 repression of MuRF1 and an increase in myocyte mass (Sacheck et al., 2004; Stitt et al., 2004) . Similarly, 49 an AKT-FoxO-mediated suppression of MuRF1 expression in response to insulin has been noted in 50 cardiac muscles (Skurk et al., 2005 ; Paula- Gomes et al., 2013) . 51
52
In this study, we used the zebrafish tremblor/ncx1h mutant to explore the regulatory relationship 53 between Ca 2+ homeostasis and the maintenance of cardiac muscle integrity. We have previously shown 54 that NCX1h (also known as slc8a1a) encodes a cardiac specific sodium-calcium exchanger 1 (NCX1) in 55 zebrafish and that the tremblor mutant lacks functional NCX1h (Langenbacher et al., 2005) . NCX1 is a 56 primary Ca 2+ efflux mechanism in cardiomyocytes (Ottolia et al., 2013) we found that the expression of MuRF1 is significantly upregulated in ncx1h-deficient hearts. This 63 MuRF1 upregulation was responsible for the myofibril disarray in ncx1h-deficient hearts, and normal 64 cardiac myofibrils could be restored by genetic and pharmacological manipulation of MuRF1 or 65 proteasome activity. We also found that elevated intracellular Ca 2+ levels enhanced MuRF1 expression via 66 activation of Calcineurin signaling, which dephosphorylates the MuRF1 transcriptional regulator FoxO, 67 leading to its nuclear translocation. Our findings reveal a novel signaling pathway in which Ca 2+ 68 homeostasis modulates the integrity of cardiac muscle structure via MuRF1 regulation. 69
Results and Discussion 70

NCX1 is required for the maintenance of myofibril integrity in cardiomyocytes 71
Zebrafish ncx1h mutant embryos lack functional NCX1 in myocardial cells resulting in aberrant Ca 2+ 72 homeostasis and a fibrillating heart (Ebert et al., 2005; Langenbacher et al., 2005; Shimizu et al., 2015) . 73 Similar to the myofibril phenotype observed in NCX1-/-mice, sarcomeres in zebrafish ncx1h mutant 74 cardiomyocytes are damaged (Koushik et al., 1999; Wakimoto et al., 2003; Ebert et al., 2005) . To 75 investigate whether NCX1 activity affects the assembly or the maintenance of sarcomeres in myocardial 76 cells, we examined the distribution of α-actinin protein. In striated muscles, α-actinin is localized to the Z-77 line and is a good marker for assessing sarcomere structure. We found that α-actinin is organized into a 78 periodic banding pattern in both wild type and ncx1h mutant cardiomyocytes at 30 hpf ( Fig. 1A) , 79
suggesting that sarcomere assembly is initiated properly in the absence of NCX1 activity. Interestingly, 80 the sarcomeres degenerate in ncx1h mutant cardiomyocytes a day later resulting in sporadic distribution of To explore molecular pathways by which NCX1 influences myofibril integrity, we isolated hearts 89 from wild type and ncx1h mutant embryos and compared their gene expression profiles. We found that 90 the expression of Muscle Ring-finger protein-1 (MuRF1, also known as TRIM63) is significantly elevated 91 in ncx1h mutant hearts. There are two highly homologous MuRF1 genes in zebrafish (MuRF1a/trim63a 92 and MuRF1b/trim63b) (Macqueen et al., 2014) . Phylogenetic analysis showed that zebrafish MuRF1a and 93
MuRF1b cluster with other vertebrate MuRF1 genes ( Fig. S1A ). Both genes span a single exon encoding 94 peptides highly homologous to each other and to their mammalian orthologs ( Fig. S1B) (Postlethwait, 95 2007) and are expressed in striated muscles ( Fig.S1C ) (Willis and Patterson, 2006) . In situ hybridization 96 and quantitative RT-PCR analyses further confirmed that both MuRF1a and 1b are upregulated in ncx1 97 mutant hearts (Fig. 2) . 98 99
MuRF1 regulates myofibril integrity in cardiomyocytes 100
Elevated MuRF1 expression is associated with muscle atrophy and can induce the breakdown of 101 myofibrils in cultured cardiomyocytes (Kedar et al., 2004) . We thus asked whether MuRF1 102 overexpression in the heart is sufficient to induce cardiomyopathy. To this end, we generated a transgenic 103 fish, myl7:MuRF1a-IRES-GFP, in which the expression of MuRF1 and GFP reporter is driven by the 104 cardiac-specific myl7 promoter ( Fig. 3A ). As shown in Fig.3B , MuRF1 expression is upregulated in 105 myl7:MuRF1a-IRES-GFP transgenic hearts. Interestingly, α-actinin failed to organize into a banded 106 pattern in cardiomyocytes of myl7:MuRF1a-IRES-GFP embryos ( Fig.3B ), demonstrating that 107 overexpression of MuRF1 leads to sarcomere disassembly in the heart (Fig.3C ). Consequently, MuRF1-108 overexpressing hearts become dilated ( Fig.3D ) and their cardiac function is compromised. The fractional 109 shortening of myl7:MuRF1a-IRES-GFP hearts was reduced by approximately 10% compared to non-110 transgenic siblings and the heart rate was also reduced by 10% ( Fig. 3E ). Together, these findings 111 demonstrate that overexpression of MuRF1 is sufficient to disrupt myofibril structure and impair cardiac 112 function in vivo. 113 114
Blocking MuRF1-induced protein degradation preserves myofibril integrity in ncx1h mutant hearts 115
MuRF1's upregulation upon loss of ncx1h activity, along with its established function as a muscle-116 specific E3 ubiquitin protein ligase that targets sarcomeric proteins for proteasome degradation, make it a 117 good candidate for the cause of the myofibril disarray present in ncx1h deficient hearts. If MuRF1 118 upregulation indeed causes sarcomere disassembly, one would predict that blocking MuRF1 activity or its 119 downstream protein degradation pathway might ameliorate the myofibril defects in ncx1 mutant hearts. 120
Since both MuRF1a and MuRF1b are upregulated in ncx1h deficient hearts, we knocked down these 121 genes simultaneously. We found that ~80% of ncx1h/murf1a/murf1b triple-deficient embryos had intact 122 sarcomeres (n=24), a significant increase compared to ncx1h mutant hearts (~35%, n=21; p<0.001) ( Fig.  123   4) . Similarly, treatment with the proteasome inhibitor MG132 suppressed the myofibril disarray caused 124 by NCX1 deficiency. Approximately 72% of MG132-treated ncx1h mutants had a banded pattern of α-125 actinin indicating intact sarcomeres (n=18; p<0.001) ( Fig. 4 ), suggesting that upregulation of MuRF1 126 induces myofibril degradation via a proteasome-dependent mechanism in ncx1h-deficient cardiomyocytes. 127 128
Ca 2+ induces MuRF1a expression 129
Our study showed that while ncx1h mutant hearts never establish normal Ca 2+ cycles or heartbeats, the 130 initial assembly of sarcomeres proceeds properly. Since the Ca 2+ handling defects precede the breakdown 131 of sarcomeres, we hypothesized that Ca 2+ overload induces MuRF1 expression in cardiomyocytes and 132 thereby leads to sarcomere disassembly and cardiomyopathy. To examine this hypothesis, we isolated a 133 6.9 kb genomic fragment upstream of MuRF1a, MuRF1a (-6906). Transgenic analysis showed that this 134 genomic fragment was sufficient to drive GFP expression in cardiac and skeletal muscles ( Fig. 5A and B) , 135 a pattern resembling the endogenous MuRF1 expression pattern ( Fig. S1C ), indicating that critical 136 regulatory elements are present in this genomic fragment. We then created a MuRF1a (-6906) Luciferase 137 reporter construct to test whether this MuRF1 upstream regulatory element is responsive to Ca 2+ signaling. 138
We transfected the MuRF1a (-6906) Luciferase reporter into HEK293T cells and induced Ca 2+ flux by 139 treatment with the Ca 2+ ionophore A23187. Interestingly, the luciferase activity was significantly 140 enhanced by A23187 induction (Fig. 5C ), demonstrating that MuRF1 transcription is sensitive to 141 intracellular Ca 2+ levels. 142
143
We next tested the expression patterns of a series of deletion constructs of MuRF1a (-6906) and 144 found that the 638 bp region immediately upstream of the transcription initiation site, MuRF1a (-638), 145 was sufficient to drive reporter gene expression in cardiac and skeletal muscles. MuRF1a (-638)-Luc also 146 displayed enhanced luciferase activity upon A23187 induction at levels comparable to MuRF1a (-6906)-147 Luc (Fig. 5D ), indicating that the 638bp MuRF1a proximal region is sufficient to direct Ca 2+ -mediated 148 Based on our finding that a Cn-FoxO-MuRF1 regulatory pathway is activated in response to elevated 183 intracellular Ca 2+ levels in cultured cells, we explored the significance of the Cn-FoxO-MuRF1 pathway 184 in the regulation of myofibril integrity in myocardial cells in vivo. The subcellular localization of FoxO is 185 controlled by its phosphorylation status (Huang and Tindall, 2007) . We reasoned that the Ca 2+ extrusion 186 defect in ncx1h mutant hearts could activate Cn resulting in the dephosphorylation and nuclear 187 translocation of FoxO. Indeed, while FoxO was primarily sequestered in the cytoplasm of cardiomyocytes 188 in wild type zebrafish hearts, FoxO protein was enriched in the nuclei of ncx1h mutant cardiomyocytes 189 ( Fig. 7A ). This nuclear accumulation of FoxO correlated with the increased MuRF1 expression in ncx1h 190 mutant hearts (Fig. 2) . In addition, we found that MuRF1 expression could also be induced in the heart by 191 overexpression of FoxO3a or a constitutively active form of FoxO3a in which three phosphorylation sites 192 were replaced by with alanines (CA-FoxO3a: T29A, S236A, S299A) ( Fig. 7B) (Brunet et al., 1999). 193 Conversely, pharmacological inhibition of Cn activity by treatment with FK506 or overexpression of FoxO blunted MuRF1 expression in ncx1h mutant embryos (Fig. 7B ). Finally, we used α-actinin as a 195 proxy to examine whether the correlation between FoxO and MuRF1 expression translates to the 196 preservation of sarcomere structure. We found that overexpression of CA-FoxO3a in wild type embryos 197 resulted in a sporadic α-actinin distribution in cardiomyocytes that resembled the phenotype observed in 198 ncx1h mutant hearts whereas overexpression of DN-FoxO restored a periodic α-actinin banding pattern in 199 ncx1h mutant hearts (Fig.7C) . 200 201
Conclusion 202
Compromised Ca 2+ homeostasis and damaged cardiac muscles are often observed in deteriorating 203 diseased hearts, but a causative relationship between these outcomes has not previously been 204 demonstrated. In this study, we used the zebrafish ncx1h mutant as an animal model to explore the 205 molecular link between Ca 2+ signaling and myofibril integrity in the heart. We showed that NCX1 activity 206 is dispensable for the initial assembly of sarcomeres, but the maintenance of myofibril structure in 207 myocardial cells requires tightly controlled Ca 2+ homeostasis and MuRF1 expression. 208 209 Our molecular analyses using cultured cells and in vivo studies in zebrafish reveal a FoxO-MuRF1 210 signaling axis that is critically involved in the Ca 2+ -dependent regulation of myofibril integrity in the heart. 211
We propose that under normal physiological conditions where the cytosolic diastolic Ca 2+ level is low, 212 
Materials and Methods 231
Zebrafish husbandry, chemical treatment and morpholino knockdown 232
Zebrafish tremblor tc318 heterozygotes were bred in Tg(myl7:EGFP) background and raised as 233 previously described (Westerfield, 2000) . Embryos were raised at 28.5 °C and staged as previously 234 described (Kimmel et al., 1995) . For Cn or proteasome inhibition, embryos were treated with 10 µM 235 FK506 (Sigma-Aldrich) or 50 µM MG132 (Calbiochem) at 24 hpf. The morpholino-modified antisense 236 oligonucleotides targeting the translation initiation sites of MuRF1a and MuRF1b (Table S1, Gene Tools) 237
were microinjected at 1-to 2-cell stage (8ng each). Wild type and tre mutant hearts were isolated at 48 hpf as previously described (Burns and 247 MacRae, 2006) . Total RNA was purified using RNAeasy micro kit (Qiagen). Microarray hybridization 248 was performed in triplicate using the Affymetrix Zebrafish GeneChip containing 15,617 genes. Data were 249 analyzed using scripts written in the statistical programming language R (Team, 2014) . Differentially 250 expressed genes were identified using linear models and multiple testing correction implemented in the 251 Limma package (Smyth, 2004) . The relative expression levels of MuRF1a and MuRF1b in the wild type 252 and tre hearts were determined by quantitative PCR using the LightCycler 480 System (Roche Applied 253 Science). GAPDH served as the internal control for normalization. Primer sequences used in this study 254 are listed in Table S1 . Cardiac parameters were assessed by line-scan analysis as previously described (Shimizu et al., 2015) . 276
Embryos in the Tg(myl7:gCaMP4) background was used for Ca 2+ imaging as previously described 277 (Shimizu et al., 2015) . 
